The F 1 component of mitochondrial ATP synthase is an oligomeric assembly of five different subunits, ␣, ␤, ␥, ␦, and ⑀. In terms of mass, the bulk of the structure (ϳ90%) is provided by the ␣ and ␤ subunits, which form an (␣ ␤) 3 hexamer with adenine nucleotide binding sites at the ␣/␤ interfaces. We report here ultrastructural and immunocytochemical analyses of yeast mutants that are unable to form the ␣ 3 ␤ 3 oligomer, either because the ␣ or the ␤ subunit is missing or because the cells are deficient for proteins that mediate F 1 assembly (e.g. Atp11p, Atp12p, or Fmc1p). The F 1 ␣ and ␤ subunits of such mutant strains are detected within large electron-dense particles in the mitochondrial matrix. The composition of the aggregated species is principally full-length F 1 ␣ and/or ␤ subunit protein that has been processed to remove the amino-terminal targeting peptide. To our knowledge this is the first demonstration of mitochondrial inclusion bodies that are formed largely of one particular protein species. We also show that yeast mutants lacking the ␣ 3 ␤ 3 oligomer are devoid of mitochondrial cristae and are severely deficient for respiratory complexes III and IV. These observations are in accord with other studies in the literature that have pointed to a central role for the ATP synthase in biogenesis of the mitochondrial inner membrane.
The mitochondrial inner membrane contains the ATP synthase, which utilizes a transmembrane proton gradient to catalyze ATP synthesis from inorganic phosphate and ADP. The ATP synthase has two major structural domains, an F 0 component that forms a proton-permeable pore through the membrane and a peripheral, matrix-localized, F 1 component where ATP is synthesized (1) . The catalytic unit of the enzyme (F 1 ) is composed of five different types of subunits in the stoichiometric ratio ␣ 3 ␤ 3 ␥␦⑀. The three-dimensional structures of F 1 from bovine heart (2), rat liver (3), and yeast mitochondria (4) show that the ␣ and ␤ subunits alternate in position within a hexamer that surrounds the amino and carboxyl termini of the ␥ subunit. The interfaces between ␣ and ␤ subunits mark the locations of three catalytic and three non-catalytic adenine nucleotide binding sites in the enzyme (1, 3, 4) .
In Saccharomyces cerevisiae, all five F 1 subunits are encoded by nuclear genes (5) (6) (7) (8) (9) and are synthesized in the cytoplasm and then imported into mitochondria (10) . Like other nuclearencoded mitochondrial proteins, the F 1 subunits are imported to the matrix compartment as unfolded polypeptide chains. After the mitochondrial targeting signal (if present) has been removed, their folding is facilitated by the Hsp60 and Hsp10 proteins (11) . The final steps in the formation of functional F 1 require two proteins called Atp11p and Atp12p (reviewed in Ref. 12 ). Both F 1 ␣ and ␤ subunits were found as aggregated proteins in sedimentation profiles of mitochondrial extracts of yeast mutants that are deficient for either Atp11p or Atp12p (13) . Yeast two-hybrid screens and affinity tag precipitation experiments have shown that Atp11p binds selectively to the ␤ subunit of F 1 (14) and that Atp12p binds selectively to the ␣ subunit of F 1 (15) . The binding determinants for Atp11p in the ␤ subunit, and those for Atp12p in the ␣ subunit, are in the adenine nucleotide binding domains of the F 1 proteins (14, 15) and are predicted to be located specifically at the hydrophobic regions of these domains that will ultimately be sequestered at the ␣/␤ subunit interfaces in the assembled F 1 oligomer. Under this point of view, Atp11p and Atp12p are proposed to serve as molecular chaperones and to protect the two F 1 proteins from non-productive interactions by masking their hydrophobic surfaces until incorporation of ␣ and ␤ monomers into ␣ 3 ␤ 3 oligomers.
Atp11p and Atp12p are present in the mitochondria at a concentration that is at least 100-fold lower than the steady state level of F 1 proteins (16, 15) , which is reasonable in view of the fact that the F 1 subunits are assembled into the oligomer as soon as they are imported from the cytoplasm. In other words, there are no pools of unassembled ␣ and ␤ subunits in the mitochondrial matrix (17) . This may explain why when either Atp11p or Atp12 is absent, both F 1 subunits aggregate. Indeed, when one subunit aggregates as a direct consequence of the lack of its chaperone protein, the steady state level of the "partner" subunit builds up and eventually far exceeds the level of the remaining chaperone. Consistent with this interpretation, the ␣ subunit aggregates in strains lacking the ␤ subunit gene, and the ␤ subunit aggregates when the ␣ * This work was supported in part by grants from the Association Française contre les Myopathies and the Groupement d'Intérêt Scientifique de l'Institut National de la Santé et de la Recherche Médicale (to J.-P. d. R) and National Institutes of Health Grant GM48157 (to S. H. A.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. subunit is not expressed (13) . In contrast, the solubility of the ␣ and ␤ subunits is not modified in strains lacking one of the other F 1 subunits, ␦ (8, 18), ␥ (9), or ⑀ (19). Interestingly, in the absence of the ␥ subunit, there is evidence to suggest ␣␤ oligomers may exist (9) . Thus, it appears that aggregation of F 1 ␣ and ␤ subunits occurs under conditions in which formation of ␣ ␤ heterodimers is not possible, either because the ␣ or the ␤ subunit is missing or because a protein (i.e. Atp11p or Atp12p) that specifically protects the ␣ and ␤ subunits from non-productive interactions is not present.
Fmc1p is a protein of yeast mitochondria that is required for the formation of the F 1 unit in cells cultured at 37°C (20) . In mitochondria of ⌬fmc1 cells grown at the restrictive temperature, the F 1 ␣ and ␤ subunits sediment in sucrose gradient as large protein aggregates. Fmc1p seems to be necessary for Atp12p stability and/or activity at elevated temperature as suggested by the fact that ⌬fmc1 cells grown at 37°C show a marked reduction in Atp12p content and recover the capacity to form the F 1 unit by overexpression of Atp12p (20) .
In this study we have performed an ultrastructural and immunocytochemical analysis of yeast mutants that are unable to assemble the F 1 ␣ 3 ␤ 3 oligomer. Electron micrographs of ⌬atp1, ⌬atp2, ⌬atp11, ⌬atp12, and ⌬fmc1 yeast cells all show the presence of large, electron-dense particles in the mitochondrial matrix. The inclusion bodies are immunodecorated in situ with antibodies against the F 1 ␣ and/or ␤ subunits (as appropriate) and, following purification via sucrose gradients, are shown by silver-stained gels to be composed almost exclusively of F 1 protein. Furthermore, there is evidence that mitochondrial biogenesis is grossly defective in these mutant strains as indicated microscopically by the absence of cristae and by spectral analysis, which shows a marked reduction in cytochromes c 1 , b, and aa 3 relative to wild type yeast.
EXPERIMENTAL PROCEDURES
Strains and Media-Rich galactose medium (2% galactose, 1% yeast extract, 2% bactopeptone, 40 mg/liter of adenine) was used for growing yeast. The genotypes of the ⌬fmc1 mutant (MC6) and its parental wild type strain (MC1) are given in Ref. 20 ; those of the ⌬atp11 and ⌬atp12 mutants are in Ref. 13 . The ⌬atp1 and ⌬atp2 strains were from the Euroscarf collection.
Biochemical Methods-Mitochondria were prepared as described in Ref. 21 . Ultrasonic irradiation of mitochondria was performed at 4°C for 10 s using a 75TS Annemasse sonicator at 120 V with a 5-mm diameter tip. Sucrose gradient sedimentation of sonicated mitochondria was done using previously described conditions (13) . SDS/PAGE was according to Ref. 22 . Western blot analyses were performed as described (23) using the ECL detection kit from Amersham Biosciences. Acrylamide gels were silver stained as in Ref. 24 . Antibodies against F 1 ␣ and F 1 ␤ subunits were used at a 1/100,000 dilution.
Freezing and Freeze Substitution for Ultrastructural Studies-The yeast pellets were placed on the surface of a copper electron microscopy grid (400 mesh) coated with formvar. Each loop was very quickly submersed in precooled liquid propane and held at Ϫ180°C by liquid nitrogen. The loops were then transferred to a precooled solution of 4% osmium tetroxide in dry acetone in a 1.8-ml polypropylene vial at Ϫ82°C for 48 h (substitution fixation), warmed gradually to room temperature, and washed three times in dry acetone. Specimens were stained for 1 h with 1% uranyl acetate in acetone at 4°C in a black room. Following another rinse in dry acetone, the loops were infiltrated progressively with araldite (epoxy resin; Fluka). Ultrathin sections were contrasted with lead citrate.
Immunogold Electron Microscopy-Yeast were cryofixed as described for ultrastructural studies and freeze substituted with acetone plus 0.1% glutaraldehyde or methanol plus 0.5% uranyl acetate for 3 days at Ϫ82°C. Samples were rinsed with acetone or methanol at Ϫ20°C, embedded progressively at Ϫ20°C in LR Gold resin (EMS). Resin polymerization was carried out at Ϫ20°C for 3 days under UV illumination. Ultrathin LR Gold sections were collected on nickel grids coated with formvar. Sections were first incubated for 5 min with 1 mg/ml glycine and then 5 min with fetal calf serum (1:20) . The grids were incubated for 45 min at room temperature with antibodies against ␣-F 1 subunit (1:2000), ␤-F 1 subunit (1:3500), or porin (1:2000) and then incubated for 45 min at room temperature with anti-rabbit or antimouse IgG, respectively, conjugated to 10 nm gold particles (BioCell). The sections were rinsed with distilled water and contrasted 5 min with 2% uranyl acetate in water, followed by 1% lead citrate for 1 min. Specimens were observed with a Philips CM10 (80 kV) or Tecnai Biotwin (120 kV) electron microscope (SERCOMI, University Victor Segalen Bordeaux 2).
Cytochrome Spectral Analysis-Spectra were recorded for whole cells frozen at liquid nitrogen temperature with a Cary 128 spectrophotometer after reduction of the cytochromes by dithionite as previously described (25) .
RESULTS

Ultrastructural and Immunocytochemical Analyses of the ⌬fmc1
Mutant-Yeast cells were embedded in araldite resin and examined for ultrastructure by transmission electron microscopy. Morphometric analysis is optimized through the use of araldite resin, which although not amenable to immunolabeling proteins enables the use of osmium tetroxide during the fixation process. This provides for excellent membrane contrast. Electron micrographs of ⌬fmc1 cells grown at 37°C revealed the presence, in 70% of the cell sections examined (Table  I) , of abnormal electron-dense particles that were located exclusively in the mitochondrial matrix ( Fig. 1, A-C) . The particles are noted to be largely globular in shape, with rather circular or oval contour, and range in size from 50 to 500 nm. There were no such electron-dense particles observed in electron micrographs of ⌬fmc1 grown at 28°C nor were there any seen in cells of the wild type parental strain cultured at 28 or 37°C (Table I) .
Immunogold electron microscopy of ⌬fmc1 cells grown at 37°C provided insight into the nature of the inclusion bodies that accumulate in this strain at elevated temperature. First, the membranes surrounding the inclusion bodies were shown to be labeled with antibodies against porin, a marker protein for the mitochondrial outer membrane (Fig. 1D) . This result provides evidence that the inclusion bodies are intramitochondrial. The use of antibodies against the F 1 ␣ subunit or the F 1 ␤ subunit (Fig. 1, E and F, respectively) resulted in a heavy and uniform labeling of all the inclusion bodies (Table II) , showing the presence and co-existence within them of both F 1 subunits. Outside of the inclusion bodies, the ⌬fmc1 mitochondrial sections gave a rather weak immunogold response (gold particles/ m 2 ) in comparison to wild type cells (62 Ϯ 25 versus 378 Ϯ 72 with antibodies against subunit ␣; 29 Ϯ 17 versus 225 Ϯ 40 with antibodies against subunit ␤), and no significant extramitochondrial labeling (Ͻ10) was detected for either strain (Table II) . There was virtually no immunogold labeling observed under conditions in which primary antibody was omitted from the experiment (Fig. 1G) .
Ultrastructural and Immunocytochemical Analyses of ⌬atp11, ⌬atp12, ⌬atp1, and ⌬atp2 Mutants-Electron micrographs of araldite thin cell sections showed the presence of abnormal electron-dense particles in the mitochondrial matrix of ⌬atp11, ⌬atp12, ⌬atp1, and ⌬atp2 mutants grown at 28°C (data shown for ⌬atp11 and ⌬atp12, Fig. 2, A-C) , in ϳ20 -40% of the cell sections examined (Table I) . Those in ⌬atp11 and ⌬atp12 mutants were all heavily and uniformly stained with antibodies against the F 1 ␣ or F 1 ␤ subunit (data shown for ⌬atp11 immunogold labeling, Fig. 2, D and E) . These results indicate that the two F 1 subunits co-localize within the same inclusion bodies of ⌬atp11 and ⌬atp12 in a manner similar to what is observed in ⌬fmc1 cells cultured at 37°C. Inclusion bodies of the ⌬atp1 mutant reacted strongly to antibodies against the ␤ subunit (Fig. 2G ) but not to those against the ␣ subunit (panel F), which is expected because the ␣ subunit is not made in this mutant. Conversely, the inclusion bodies in the ⌬atp2 mutant, which are devoid of the ␤ subunit, were stained only with antibodies against the ␣ subunit (panel H) and not with those against the ␤ subunit (panel I). There was essentially no immune response to F 1 protein outside of the inclusion bodies in ⌬atp11, ⌬atp12, ⌬atp1, and ⌬atp2 mutants (Table II) cell sections, which suggests that these structures contain most if not all of the ␣ and/or ␤ subunits present in the cells.
Purification and Protein Composition Analysis of the Inclusion Bodies-To determine whether the inclusion bodies contain other proteins in addition to the F 1 ␣ and ␤ subunits, sonically disrupted samples of ⌬fmc1 mitochondria were fractionated on a discontinuous (20 -80%) sucrose gradient using centrifugation conditions shown previously (13) to separate high molecular weight protein aggregates from bulk membrane and soluble proteins. The profile for ⌬fmc1 proteins in the fractions collected from a discontinuous sucrose gradient was analyzed in a silver-stained SDS-polyacrylamide gel (Fig. 3A,  left side) . Following the premise that some soluble proteins may be inadvertently trapped with the aggregated material, fractions of high sucrose percentage (fractions 8 and 9) were diluted out, the insoluble material was collected by centrifugation, and proteins were visualized on a silver-stained SDS gel (Fig. 3A,  middle) . The superscript "c" in the lane headings indicates that the samples applied to this gel were 9-fold more concentrated relative to samples 8 and 9 of the adjacent gel described above. Western analysis of fraction 8 (designated by superscript "w") shows the ␣ and ␤ subunits of F 1 among the proteins observed at the margin of 60:80% sucrose. By comparison with a sample of purified F 1 F O , it is noteworthy that the ␣ and ␤ subunit proteins in the aggregate are fully processed to the mature size and show no evidence of proteolytic breakdown. Similar results were obtained with ⌬atp11 mitochondria (not shown).
The nature of the material trapped at the 60:80% sucrose interface was analyzed further (data shown for ⌬atp11, Fig.  3B ). The left and middle lanes show silver-stained gels for fraction 8 collected from a discontinuous sucrose gradient preloaded with ⌬atp11 disrupted mitochondria. This fraction corresponds to the 60:80% sucrose interface (see panel A). Comparable amounts of sample were loaded in the lanes marked "8" and "8
Tx ", the difference being that the latter sample shows the profile for detergent-insoluble particulate material that is recovered from fraction 8 following extraction of the sample with Triton X-100 (details for this experiment are given in the legend to Fig. 3 ). Notably, with the exception of two bands, a comparison of lane 8
Tx with lane 8 shows that most of the proteins observed in the original sample are removed by the detergent, which suggests that the 60:80% sucrose region of the gradient is contaminated with membrane material. The identification of the prominent aggregated proteins as the ␣ and ␤ subunits of F 1 is confirmed by the Western blot (lane 8 w ) shown at the right of panel B. Although the F 1 ␣ and ␤ subunits are clearly the predominant species in the aggregated fraction, there is evidence of a minor amount of other proteins as well. None of these proteins reacted, in Western blot analyses, with antibodies against subunits ␥ and 4 of the F 1 F 0 ATP synthase (data not shown). We did not test any other ATP synthase subunit as they fail to accumulate in the ⌬atp11 mutant. In addition, we did not detect any immunological signal for Fmc1p or Atp12p (data not shown).
Efforts were also made to determine whether Atp11p accumulates with F 1 ␤ or if Atp12p accumulates with F 1 ␣, in the aggregated mitochondrial protein fraction from ⌬atp1 or ⌬atp2, respectively. To detect the chaperone proteins by Western blot analysis in these experiments we used transformed ⌬atp1 and ⌬atp2 strains that express ATP11 or ATP12 from a multicopy plasmid. In a control experiment, we found that even in an otherwise wild type background, a subpopulation of the overproduced Atp11p and Atp12p protein is insoluble and migrates to a high density position in sucrose gradients (data not shown). As such, even though there is also a minor peak for Atp11p or for Atp12p at the 60:80% sucrose region in gradients run with mitochondria from ⌬␣ or ⌬␤ yeast (data not shown), these results may be due exclusively to an artifact of overproducing the chaperone proteins and are not considered to be informative on aspects related to Atp11p and Atp12p action in dria is known to consist of two contiguous but distinct membranes, one that opposes the outer membrane (the inner boundary membrane) and one that forms tubules or lamellae in the interior (the cristal membrane) (26) . Cristae organization allows greater amounts of membrane-bound energy-transducing enzymes to be packed in the interior of the organelle. An illustration of this has been the demonstration that more than 90% of respiratory complexes III and V of bovine heart mitochondria reside in the cristal membrane rather than at the organelle periphery (27) . Fig. 4 shows mitochondrial cristae morphology in a respiratory-competent yeast wild type strain (panel A) and the distribution along this membrane of F 1 subunits ␣ (panel B) and ␤ (panel C).
An interesting observation in this study was the absence of any apparent cristal membrane in mutants where F 1 synthesis is virtually abolished (⌬fmc1, ⌬atp1, ⌬atp2, ⌬atp11, and ⌬atp12; shown for ⌬atp1 in Fig. 4D ). This finding is consistent with previous work that has provided evidence that complex V plays a key role in the formation of this membrane (see "Discussion"). As a consequence, the mutants with F 1 assembly defects were expected to show a decreased content in respiratory complexes III (bc 1 cytochromes) and IV (aa 3 cytochromes), which are residents of the inner membrane. This was investigated with the ⌬fmc1 mutant by spectral analysis of whole cells. A strong deficit in cytochromes b, c 1 , and aa 3 was indeed seen in this mutant when the cells were grown at 37°C, whereas no difference was observed between mutant and wild type cultivated at 28°C (Fig. 5) . As reported previously (13), ⌬atp11 and ⌬atp12 mutants are also grossly deficient for cytochromes of the bc 1 and cytochrome c oxidase respiratory proteins. It must be stressed here that ⌬atp11, ⌬atp12, and ⌬fmc1 37°C cultures do not produce high levels of cytoplasmic petites, which are cells that bear large deletions in mitochondrial DNA ( Ϫ ) or lack completely the mitochondrial genome ( 0 ). The petite population is only 1-2% in ⌬atp11 and ⌬atp12 cell cultures and 15-20% in ⌬fmc1 cells cultured at 37°C. Therefore, the observed spectral deficiency in these mutants is not caused by a lack of mitochondrial DNA, which codes for apocytochromes b, a, and a 3 . Rather, the spectra likely reflect a deficit in respiratory proteins that results from an underdevelopment of the inner membrane. Notably, cytochrome c, a soluble cytochrome of the intermembrane space, was not decreased in the ⌬fmc1 cells but instead was found to be present in significantly higher amounts relative to the wild type control cells (Fig. 5) . This is similar to what is observed for wild type Ϫ /°cells, which also lack cristal membranes (28, 29) and accumulate high levels of cytochrome c (30) . DISCUSSION We show that the ␣ and ␤ subunits of mitochondrial ATP synthase are sequestered as inclusion bodies in the mitochondrial matrix when they cannot be incorporated into ␣ 3 ␤ 3 oligomers. This phenotype is associated with two types of yeast mutants, those that lack either the ␣ or the ␤ subunit (⌬atp1 and ⌬atp2 strains) and those that are deleted for a molecular chaperone function associated with assembly of ␣ ␤ oligomers (⌬atp11, ⌬atp12, and ⌬fmc1 strains). Unassembled F 1 ␣ and ␤ subunits were shown to be present together within the same inclusion bodies in ⌬atp11 and ⌬fmc1 mutants (Figs. 1 and 2) and to be the principal protein species of these structures (Fig.  3) . This observation does not necessarily imply a co-aggregation phenomenon, because ⌬atp1 and ⌬atp2 strains show inclusion bodies of pure ␤ or ␣ subunits, respectively (Fig. 2) . To our knowledge this is the first demonstration of mitochondrial inclusion bodies that are formed largely of a particular protein species.
The accumulation of unassembled ␣ and ␤ subunits in mitochondria of F 1 assembly-defective mutants is a curious phenomenon. The turnover of mitochondrial energy-transducing complex subunits is considered necessary to prevent the accumulation of single subunits and subcomplexes in the inner membrane, which may disturb assembly processes or change the properties of this membrane (for reviews see Refs. 31 and 32). Consistent with this idea, many subunits of these complexes are quickly degraded in mutants that fail to associate them with their partner subunits. Mitochondrial ATPdependent proteases involved in such degradative processes include Pim1p (33, 34) in the matrix and two membraneembedded proteases, Yme1p and Afg3p/Rca1p, of the AAA family of ATPases (35) (36) (37) (38) (39) . Pim1p has been implicated in the degradation of imported proteins that fail to fold into a native structure. Afg3p/Rca1p is necessary for the degradation of incomplete, membrane-bound mitochondrial translation products. It is also involved in the degradation of most mature mitochondrial translation products destined for the inner membrane with the notable exception of Cox2p, which appears to be degraded by Yme1p. Certainly there is no evidence of a general defect in mitochondrial degradative pathways in the F 1 assembly-defective mutants because the inclusion bodies detected in such strains do not show widespread accumulation of proteolytic substrates and are, instead, composed almost exclusively of ␣ and/or ␤ subunits. The unassembled F 1 proteins are not expected to be substrates for the membrane-bound proteases because they are located in the matrix compartment. Their resistance to matrix proteases (e.g. Pim1p), however, remains puzzling.
The rapid diversion of unassembled ␣ and ␤ subunits in "neutral" aggregates could serve to prevent the formation of incomplete ATP synthase assemblies that are extremely deleterious for the mitochondria. Di Rago and Velours and coworkers (18) and others (40) have shown that mutations, which interfere with the synthesis of the central stalk (␥ ␦ ⑀) that connects the F 1 ␣ 3 ␤ 3 complex to the proton translocating domain of the enzyme, result in the formation of F 1 F 0 assemblies that passively transport protons across the inner mitochondrial membrane. A quite small accumulation of such assemblies is sufficient for a total dissipation of the mitochondrial electrical potential (⌬⌿). Instead, an F 1 assembly defect is tolerated because the F 0 is not formed or is not stable in mitochondrial inner membranes from mutants that fail to form the ␣ 3 ␤ 3 (20) . The peripheral stalk (stator) of the ATP synthase, which interacts at one of its ends with one ␣/␤ dimer and at the other end with the membrane-embedded portion of the enzyme, is required to complete the assembly of the proton channel (41) . If ␣ or ␤ subunit monomers were to accumulate in mitochondria and associate with the stator element, this could lead to the formation of partially formed, uncoupled F 1 F 0 complexes that dissipate mitochondrial ⌬⌿. Thus, the aggregation-prone behavior of unassembled ␣ and ␤ subunits may be an efficient way to prevent the production of such harmful assemblies.
The correlation of an F 1 ␣ 3 ␤ 3 assembly defect with the lack of mitochondrial cristae is an interesting finding. Previous observations indicate that this phenomenon is not due to the loss of oxidative phosphorylation in the mutants, as complexes IV and V are present at near wild type levels in many complex IIIdeficient strains, and the absence of Complex IV generally has no major effect on the level of complexes III and V (42) (43) (44) . Furthermore, the presence of cristae has been observed microscopically in mitochondria of yeast that lack a functional respiratory chain (45, 46) . One could argue that the loss of cristae formation in mutants that are unable to form the F 1 ␣ 3 ␤ 3 unit A, left, a schematic diagram of a discontinuous sucrose gradient is shown above a silver-stained SDS-polyacrylamide gel that was loaded with 25 l of each fraction collected (0.5 ml) following the centrifugation of disrupted ⌬fmc1 mitochondria (800 g in 0.2 ml) through a 4.8-ml discontinuous sucrose gradient (see "Experimental Procedures"). Middle, total insoluble material of fractions 8 and 9 was concentrated 9-fold (c superscript) by first diluting 450 l of each fraction 10ϫ with buffer (10 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, protease inhibitor mixture) followed by centrifugation of the samples at 150,000 ϫ g for 10 min at 4°C. After suspending the pellets in 50 l of 1ϫ Laemmli buffer, 10 l were run on an SDS gel and proteins were visualized by silver staining. Right, Western blots for fraction 8 (10 l) and a sample of purified F 1 F 0 (0.5 g) probed with a mixture of antibodies against the ␣ and ␤ subunits of F 1 . B, the experiment described in panel A was performed with ⌬atp11 mitochondria, and the proteins present in fraction 8 were analyzed as follows. The left lane shows a silver-stained SDS gel run with 25 l of the original 0.5-ml fraction. The sample shown in the lane immediately adjacent (8 Tx ) was prepared by diluting 100 l of fraction 8 with 900 l of buffer (see above) that included Triton X-100 at 1% concentration. Following a 10-min incubation on ice, the sample was centrifuged at 5,000 ϫ g for 10 min at 4°C and the detergent-insoluble material was suspended with 60 l of 1ϫ Laemmli buffer and loaded (15 l) on an SDS gel that was subsequently stained with silver. The right lane shows a Western blot of fraction 8 probed with antibodies against the F 1 ␣ and ␤ subunits. A and B, the migration of molecular mass standards (kDa) is shown on the left side of the gels.
is a consequence of steric hindrance imposed by the inclusion bodies. At odds with this idea is the fact that other mitochondrial functions, e.g. mitochondrial DNA propagation/expression, remain unaffected in these mutant strains. An alternative point of view suggests that the ATP synthase in some way regulates cristae formation, a question that is currently being studied by several laboratories (47) (48) (49) (50) (51) . A link between ATP synthase and cristae biogenesis was first suggested by Allen et al. (52) , based on electron microscopy analyses of Paramecium multimicronucleatum mitochondria. F 1 complexes are arranged in this organism as a double row of particles along the full length of the helical-shaped tubular cristae. On this basis, Allen (53) has proposed that the ATP synthase dimers offer the potential to form a rigid arc, which leads to an inner membrane protrusion that is then amplified to form tubules upon association of additional complexes during mitochondrial biogenesis. In favor of this hypothesis, it was found that loss of ATP synthase subunit e or g, both of which appear to be specifically involved in the enzyme dimerization in yeast (54) , results in abnormal mitochondrial morphologies characterized by numerous digitations and onion-like structures that correspond to an uncontrolled biogenesis and/or folding of the inner membrane (47) . Moreover, a recent report from the Devenish laboratory (49) shows that the correct arrangement of F 1 F O -ATP synthase complexes within the inner membrane is crucial for the genesis and/or maintenance of mitochondrial cristae and morphology. Our examination, at the cellular level, of yeast mutants that fail to assemble the ␣ 3 ␤ 3 oligomer reinforces the notion that the ATP synthase is a key determinant in the biogenesis of the inner membrane. 
